Objectives: Data derived from primary care electronic medical records (EMRs) are being used for research and surveillance. Case definitions are required to identify patients with specific conditions in EMR data with a degree of accuracy. The purpose of this study is to identify and provide a summary of case definitions that have been validated in primary care EMR data. Materials and Methods: We searched MEDLINE and Embase (from inception to June 2016) to identify studies that describe case definitions for clinical conditions in EMR data and report on the performance metrics of these definitions. Results: We identified 40 studies reporting on case definitions for 47 unique clinical conditions. The studies used combinations of International Classification of Disease version 9 (ICD-9) codes, Read codes, laboratory values, and medications in their algorithms. The most common validation metric reported was positive predictive value, with inconsistent reporting of sensitivity and specificity. Discussion: This review describes validated case definitions derived in primary care EMR data, which can be used to understand disease patterns and prevalence among primary care populations. Limitations include incomplete reporting of performance metrics and uncertainty regarding performance of case definitions across different EMR databases and countries. Conclusion: Our review found a significant number of validated case definitions with good performance for use in primary care EMR data. These could be applied to other EMR databases in similar contexts and may enable better disease surveillance when using clinical EMR data. Consistent reporting across validation studies using EMR data would facilitate comparison across studies. Systematic review registration: PROSPERO CRD42016040020
BACKGROUND AND SIGNIFICANCE

Rationale
The collection and storage of vast amounts of health data are growing rapidly. 1 These "big data" include electronic medical record (EMR) 2 data and traditional coded administrative health data, among others. Administrative health data are generated and collected from the administration of the healthcare system, such as hospital discharge abstracts and physician billing claims; these data are routinely used for research and surveillance, as most are population based, relatively inexpensive compared to primary data collection, and exist in a structured format. 3 EMRs are commonly used in primary care settings to record patient information and facilitate patient care, and thus contain comprehensive demographic and clinical information about diagnoses, prescriptions, physical measurements, laboratory test results, medical procedures, referrals, and risk factors. 4 The increased digitization of health information and novel techniques developed for extracting and standardizing data from EMR systems have resulted in many primary care EMR databases being established globally for the purposes of health research and public health surveillance. 5 A few prominent examples include the Clinical Practice Research Datalink (CPRD) 6 and The Health Improvement Network (THIN), 7 both in the UK, as well as the Canadian Primary Care Sentinel Surveillance Network (CPCSSN) 8 in Canada.
When using administrative or EMR data for secondary purposes, it is important to have the ability to reliably identify cohorts of patients with a specific disease or condition of interest. Case definitions, also referred to as phenotypes, can be constructed from combinations of diagnostic codes, text words, medications, and/or laboratory results found in the patient record. 5 Ideally, case definitions should be validated against a reference standard for disease identification; in most cases, either a manual review of patient charts or physician confirmation is typically used. As administrative data have been widely utilized for secondary purposes for many decades, numerous case definitions specific to this data source have been developed and validated in a variety of countries and populations. 9 EMR data are still a relatively new contribution to disease surveillance and health research, and a full summary of available validated case definitions has not been previously published.
OBJECTIVE
The objective of this study was to identify all case definitions for specific conditions, which have been tested and validated in primary care EMR data.
MATERIALS AND METHODS
We conducted a systematic review of primary studies that reported on the development and validation of case definitions for use in primary care EMR data. We followed a pre-specified protocol, 10 in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) reporting guidelines. 11 All data were obtained from publically available materials and did not require ethics approval from our institutions.
Data sources and search strategy
We searched MEDLINE (Ovid) and Embase (Ovid) with no date, country, or language restrictions. We also searched the bibliographies of all identified studies. Further, the websites for EMR databases were searched for bibliographic lists (eg, CPRD, 6 www.cprd. com), and content experts were contacted for information about other potentially ongoing or unpublished studies. The search of online databases included three themes:
1. Electronic medical records 2. Case definition 3. Validation study
We used a comprehensive set of MeSH terms and keyword searches for each of the three themes to ensure we captured all relevant literature. For example, the term "EMR" may be synonymous with a number of relevant keywords (eg, computerized medical records, EHR, etc.). These three search themes were then combined using the Boolean term "AND." Supplementary File S1 presents our MEDLINE search strategy.
Study selection
Two reviewers independently screened all abstracts. Articles that reported original data for the development and validation of disease case definitions in primary care EMR data were considered for further review. All citations for which either reviewer felt that further review was warranted were kept for full-text review. Bibliographic details from all stages of the review were managed within the Synthesis software package. 12 Two reviewers then scanned full-text articles for the following inclusion criteria:
1. The database under study was a primary care EMR database. 2. There was a description of a computerized case definition for a specific disease or condition. 3. A clearly stated reference standard was used to validate the case definition. 4. Performance metrics were reported (ie, sensitivity, specificity, positive predictive value, negative predictive value, kappa, receiver operating characteristic, likelihood ratio, and their synonyms).
Non-human studies were excluded. Studies reporting on dental health or other non-primary care settings were excluded. We excluded studies in which EMR data were based on patient self-report. We also excluded studies that examined definitions in EMR data linked to administrative health data (though administrative health data used for the reference standard were acceptable). Studies that were not original research and conference abstracts without an adequately detailed description of study methods and results were excluded.
Data extraction
A data extraction form was used to collect information from each included study. The following data elements were extracted: first author, publication year, country, condition(s) under study, sample size and characteristics, cases identified as positive or negative, EMR database or data platform, description of case definition and techniques used to generate it along with fields accessed, reference standard, and performance metrics (eg, sensitivity, specificity, and positive and negative predictive values).
Risk of bias assessment
Included studies were assessed for quality using a component-based approach. We used relevant items from the Quality Assessment of Diagnostic Accuracy Studies (QUADAS) quality assessment tool for diagnostic accuracy studies. 13 This tool includes an assessment of bias in several domains, including patient selection, the validation strategy, and reporting of outcomes. Two authors independently assessed risk of bias in each domain and reported the risk of bias as high, low, or unclear. Disagreements were resolved by discussion or with a third reviewer as needed.
Data synthesis
Included studies were described in detail, including setting, target population, and database accessed. Case definitions were grouped by ICD-9 disease category, and definitions were summarized together with their performance metrics. It was not possible to pool data for specific conditions, given study heterogeneity; however, a qualitative comparison of performance of case definitions across conditions was done and reported narratively. Within disease conditions for which there was more than one validated case definition, we documented performance metrics across case definitions and specifically examined the relative importance of using different data elements in creating case definitions for diabetes. In addition to summarizing case definitions and their performance metrics by disease condition, we also produced a detailed inventory of the combinations of variables used, the data fields accessed, and the computer programming methods used.
RESULTS
Study identification
The initial search produced 8983 abstracts from the two databases; 6664 remained after removing duplicates ( Figure 1 ). After the initial abstract screen, 646 articles went forward to full-text review, of which 40 met criteria for inclusion. Reviewer agreement was good in the full-text review stage, with a kappa value of 0.66. The most common reason for exclusion was setting, ie, not primary care (55.8%). Other reasons for exclusion included: not explicitly stating either the case definitions (23.3%) or validation results (1.5%), not using EMR data exclusively (11.7%), not focusing on a specific medical condition (0.8%), and not having a reference standard (0.5%). Table 1 describes the characteristics of the studies selected for inclusion (n ¼ 40). Most studies were published between 2010 and 2016 (82.5%) and were conducted in Europe (n ¼ 2562.5%). Twelve studies (30%) were conducted in North America, and the remaining three studies were from Australia and New Zealand (7.5%). Frequently used databases included the General Practice Research Database (GPRD) and its successor, the CPRD, THIN, Integrated Primary Care Information (IPCI), and CPCSSN. Most of the studies focused on a general clinical population, though some (7.5%) were specific to pediatric, adolescent, or senior groups. Sample sizes ranged between 75 and 190 000 patients, with a per-study median of just under 2000 patients. Figure 2 provides a summary of select study characteristics.
Study quality assessment
Supplementary File S2 reports the study quality assessment. Most studies were of reasonably high quality with three studies meeting all quality criteria and 25 studies missing only one or two components of quality. Twelve studies were of questionable quality with three or more domains either not done or not reported. Most studies did not use blinding of the results of the case definition or did not report whether blinding was performed (85%). Further, over onethird (35%) of the studies did not report enough information about the case definition to allow for replication; nearly a quarter of the studies (22.5%) lacked adequate details about the reference standard used to validate the definition.
Medical conditions
Case definitions were found for a total of 47 medical conditions, which represented 13 chapters of the ICD-9, 53 the most common being respiratory and circulatory conditions. Eight diseases had multiple case definitions: two for colorectal cancer, eight for diabetes, three for depression, six for hypertension, six for chronic obstructive pulmonary disease (COPD), three for asthma (one of which was pediatric asthma), two for skin and soft tissue infections, and five for arthritis (three osteoarthritis, one rheumatoid arthritis, one inflammatory arthritis).
Case definitions and validation
Most case definitions were constructed using diagnostic codes, such as ICD-9 53 or Read codes; 54 these were sometimes supplemented
with laboratory values (eg, glycated hemoglobin [HbA1c] for diabetes), medications (eg, metformin for diabetes), or physical measurements (eg, blood pressure, weight) ( Table 2 ). Some studies tested machine learning programs that were also able to access unstructured data elements, such as free text clinical notes. 14, 15, 50, 55, 56 The reporting of performance metrics was variable across studies, with some describing several metrics and others reporting just one. The most frequently used validation measure was the positive predictive value (PPV); sensitivity and specificity were also frequently measured. Seven studies reported true positives and false positives. 14, 21, 33, 34, 39, 42, 51 Only one study reported likelihood ratios 40 ( Figure 2 and Table 2 ). The most common reference standard used was manual chart review, though others included a physician questionnaire, registries based on other data sources, and other diagnostic tests. Case definitions for malignancies (n ¼ 8) performed well overall, with mostly high sensitivities, specificities, and PPVs. With respect to chronic illnesses, definitions for diabetes (n ¼ 8) also performed well across the three metrics. Definitions for hypertension (n ¼ 5) and ischemic heart disease (n ¼ 3) had moderate performance, while definitions for heart failure (n ¼ 2) were highly specific but not very sensitive. Similarly, definitions for COPD (n ¼ 6), overweight (n ¼ 1), osteoarthritis (n ¼ 3), and depression (n ¼ 3) also had high specificities but low sensitivities. Asthma definitions performed moderately well across sensitivity and specificity. Some less common diseases, ie, dementia, Parkinson's disease, epilepsy, and multiple sclerosis, had definitions with good sensitivities and specificities, but PPVs tended to be moderate. Case definitions for acute infections (otitis media and respiratory infections) had excellent specificities but low sensitivities. Supplementary File S3 contains further detail on the published case definitions.
In the case of diabetes, 19 separate tests of validation were reported across eight studies, three of which were performed at different times in the same database (CPCSSN). These definitions used various elements of EMR data alone or in combination, including diagnostic codes, reason for visit, medications, laboratory data, problems lists, and in one case, free text (Table 3 ). There are no consistent trends indicating that one or more elements increases performance. However, in the case of Hirsch et al, case definition performance improved slightly with the addition of other data elements to diagnostic codes. In most cases in which diagnostic codes were not used, performance was markedly lower. Also noted is that PPV decreased slightly when case definition sensitivity increased. Free text was used only in one instance; however, it did not have superior performance to diagnostic codes.
DISCUSSION
Summary of findings
We undertook this project to summarize all studies that have developed and validated case definitions using primary care EMR data. Validated case definitions are important tools, as they can be adapted and applied to different EMR databases to conduct research or surveillance. Our review identified 40 studies that validated case definitions for 47 conditions. The most common conditions were diabetes (eight definitions), hypertension (six definitions), and COPD (six definitions), though multiple definitions have also been developed for depression (three definitions), osteoarthritis (three definitions), and asthma and respiratory infections (four definitions). The majority of other conditions was limited to a single case definition.
The case definitions we identified may be useful for research or surveillance efforts that require identification of one of the 47 conditions in primary care EMR data. While not all will be easily transferred for use with other data sources, these definitions can serve as an important starting point. Further, for conditions for which we have not identified a case definition, there is an opportunity to develop, test, and publish case definitions so they are available to others. For instance, Barnett et al conducted a literature review, followed by a consensus exercise to identify 40 conditions likely to be chronic and have significant impact on patients' treatment needs, function, quality of life, morbidity, and mortality. 57 Tonelli et al identified case definitions with moderate to high validity for use in administrative health data for 30 of these conditions. 9 Our review identified EMR case definitions for only 16 of these conditions. While it appears that case definitions are created opportunistically for research that focuses on one or more specific conditions, creating case definitions requires considerable effort, and having these available for use and adaptation may facilitate future research. This review also summarized the methods and data elements used for developing the case definitions. Diagnostic codes were the most common feature used to define the conditions, and also the most simplistic method, as many definitions relied solely on diagnostic codes. While diagnostic codes were highly sensitive and specific for some conditions (eg, cancer), they were much less sensitive for others (eg, heart failure, depression), perhaps due to less specific diagnostic codes for these types of conditions. For instance, heart failure could present as shortness of breath, or together with another condition such as arrhythmia or diabetes. Similarly, depression could present symptomatically as insomnia, fatigue, malaise, etc., and be given a diagnostic code specific to the symptomatology. In several instances, diagnostic codes were augmented with a combination of medications, laboratory data, problem lists, and/or free text searches. In the case of diabetes, these additional data elements were useful in improving the sensitivity and specificity of the case definition. 5, 30 Of note, diabetes case definitions tended to perform better overall than those for COPD, another common chronic condition.
While this may be due to better diagnostic coding on the part of physicians, it is also possible to identify diabetes based on laboratory values. Having additional data elements available for disease identification may improve case definition performance. Finally, while less common than traditional expert committee created definitions, machine learning programs have been used in an attempt to efficiently identify the best case definitions using multiple data elements. 5, 9 It is difficult to comment on whether these programs perform better, as the only condition for which both methods have been used is diabetes, and both performed similarly, albeit in different databases. 5, 18, 21, 25, 30, 31, 42, 48 That said, machine learning techniques are likely a more efficient way to generate candidate case definitions, and may therefore play an important role in increasing both the number of conditions for which case definitions are available, and their performance, as many more candidate definitions could be tested and validated quickly. The database used is also likely to be an important factor in the performance of case definitions, as data quality influences the predictive accuracy of any one data element for a specific disease. Therefore, while advanced techniques such as machine learning and free text mining may lead to higher performing case definitions, improving the quality and completeness of data within a database is also an important consideration for moving this field forward.
Strengths
Research and surveillance using primary care EMR databases are increasing, as vast amounts of clinical data are becoming available for secondary purposes. To our knowledge, this is the first systematic review of its kind that describes validated case definitions used in primary care EMR data. These results may improve our ability to more efficiently define cohorts with specific conditions without requiring a full validation exercise, which is resource and time intensive. In addition, this review summarizes the disease conditions for which validated case definitions have been developed and encourages further research to develop and validate case definitions for other disease conditions, for which such definitions do not exist or are lacking.
Limitations
Although this review was thorough in its methods, a lack of detailed reporting in many papers may have led to their exclusion. For instance, 141 papers did not explicitly describe their case finding algorithms, and 22 papers were missing requisite data. Also, 12 studies did not report validity measures (ie, specificity, PPV, etc.) or did not describe a reference standard. Among the studies included in our review, not all metrics of interest were reported. For instance, some studies reported only PPV, which limits our ability to comment on the sensitivity of the case definition, or its performance in a population with a different prevalence of disease. The generalizability of each case definition is also unknown, as they were conducted in a unique variety of populations, settings, healthcare systems, and EMR systems/databases.
Recommendations for reporting of case definition validation studies
Given the variability in reporting, adherence to reporting guidelines, such as those described in the Standards for Reporting of Diagnostic Studies (STARD) statement, 58 may strengthen this growing field of research. STARD lists the essential elements to be included in a report of a diagnostic accuracy study. STARD contains 30 elements, most of which apply to reporting validation studies of case definitions. However, as most diagnostic accuracy studies are undertaken in a clinical context, with the test under study being one that diagnoses disease in an individual, certain elements should be modified to reflect the unique aspects of case definition validation studies. The following are specific recommendations for reporting of case definition validation studies:
1. Identify the study as a case definition validation study, including the condition(s) in question. 2. Specify the intended use of the case definition (eg, patient identification for clinical purposes, surveillance, research). 3. Describe the database that the case definition was applied to and how the elements populating the database were collected (eg, for clinical care, health care administration, other). 4. Describe how the sample used for validation was selected. 5. Describe the clinical and demographic characteristics of the population whose information is included in the database. 6. Describe the process by which the case definition(s) was/were derived (eg, using statistical methods or machine learning, expert opinion, other). 7. Clearly describe the case definition(s) under study in sufficient detail to allow others to replicate their implementation. 8. Clearly describe the reference standard used to verify the performance of the case definition(s) and rationale for its use. 9. State whether the reference standard was applied independently of the case definition. 10. In studies in which the case definition(s) is/are derived from data using machine learning or other statistical methods, the testing dataset and validation dataset should be clearly described. 11. Clearly describe the methods for assessing performance and the specific metrics used (eg, sensitivity, specificity, PPV, negative predictive value [NPV], other), including how missing or indeterminate data were handled. 12. Presentation of results should include cross tabulation of the case definition(s) results by the reference standard results as well as the performance metrics and their 95% confidence intervals.
CONCLUSION
Data collected in primary care electronic medical records are becoming an important resource for conducting research and understanding disease patterns and prevalence. This review provides a summary of validated case definitions for a number of clinical conditions in primary care EMR data, most of which identify conditions with relatively good accuracy. The case definitions identified through this review may be used as a starting point for research and disease surveillance that require the identification of medical conditions in primary care EMR data. However, there are a number of conditions for which no case definition has been reported in the peer-reviewed literature. To improve the utility of future studies, authors publishing on case definitions with validity outcomes should adhere to detailed reporting standards. 
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